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uranium by a light-switchable nanotextured
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Nuclear power is growing in demand as a promising sustainable energy source, its most prevalent source

being uranium salts. The resulting processing and transportation of uranium raise concerns regarding the

environmental impact and risks for human health. Close proximity to uranium mines puts populations at

higher risk for exposure due to elevated uranium concentrations. As the main form of uranium in

aqueous solutions, uranyl (UO2
2+) has been the focus of many methods of uranium sieving; most fall

short by being time-consuming or lacking a retrieval mechanism for the captured uranium. Here, we

demonstrate the ultrafast and selective uranyl-capturing properties of aptamer-modified branched

silicon nanopillar (BSiNP) arrays. Our nanostructured surfaces demonstrate an ultrahigh surface area

modified with a uranyl-specific DNA aptamer, allowing for high uranyl-capturing capacity, reaching up to

550 mg g�1. Uranyl capture is followed by the activation of a covalently bonded photoacid, causing

a light-triggerable, ultrafast release. This capture-and-release cycle results in the collection of over 70%

of the uranium found in the original samples within less than one hour.
Alongside the rise of nuclear power as a sustainable energy
source, uranium handling has increased, bringing forth greater
environmental and human health risks linked to the higher
uranium concentrations in soils.1,2

Various methods aimed at lowering uranium concentrations
in aqueous solutions include chelating resins,3–6 porous mate-
rials,7–11 reductive precipitation,12–14 and adsorbent mate-
rials.15–19 Chelating methods, while energy efficient, highly
selective, and achieving high separation factors, result in third-
phase formation, secondary waste generation, and solvent loss.
Adsorbent materials and reductive precipitation methods are
easily operated and widespread, both displaying high capac-
ities. However, these surface-based processes are sensitive to
contamination and oxidative inhibition.20 Porous materials can
remove uranium ions with high efficiency, but limitations such
as process complexity, low selectivity, clogging, and low capacity
cause these materials to be less predominant in the eld.
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Mainly, most techniques are time consuming, with days-long
procedures. Additionally, though the capturing of uranium
species has been greatly researched, their post-capture release is
less established and can be difficult, expensive, or damaging to
the capturing platform.3,21

DNA aptamers are well known as a special class of poly-
nucleic acids that could be easily manufactured and bind
specically, with high affinity, to a given target molecule. DNA
aptamers have been implemented in various bioanalytical
applications, such as the specic detection of proteins, metal
ions, and small molecules, as well as target-specic delivery. For
instance, a uranyl-binding aptamer was developed, referred to
as HS-DNA1,22 with high uranyl affinity and good extraction
capabilities. HS-DNA1 was derived from a DNAzyme shown to
be extremely specic against other metals.23–27 Recently,
a carboxyl-terminated HS-DNA1 derivative was used by our
group for highly specic and extremely sensitive sensing of
uranyl in urine, a highly complex biosample.28

Here, we implemented the use of this carboxyl-terminated
derivative of HS-DNA1 as an on-surface capturing agent for
uranyl on nanostructured silicon nanopillar (SiNP) arrays.
Cavities created by the conned interpillar space, in which
uranyl ions experience limited diffusion, delay their release
while repeatedly adsorbing and desorbing to and from the
surface.29,30 This occurrence inside the interpillar aqueous space
leads to extremely prolonged effective dissociation rates; the
complete desorption process could take weeks.29
Nanoscale Adv., 2021, 3, 3615–3626 | 3615
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SiNPs, as controlled nanostructures, are fabricated in
a bottom-up31,32 or top-down33–35 approach, both resulting in an
array of NPs with extremely high surface areas. Presenting many
distinctive qualities such as tunable porosity and pore size, well-
known surface chemistry, high loading capacity, and biocom-
patibility, SiNPs have been implemented on many fronts,
mostly in the elds of optics36–38 and theranostics.39–44 SiNPs
could easily be integrated with other on-chip technologies and
have shown great promise.

Previous works from our group29,45 presented the potential of
SiNP arrays as a platform for on-chip, light-controlled, reusable,
selective and quantitative separation, desalting, and
Fig. 1 BSiNP array filter fabrication and modification analysis using scann
(XPS). (a) Schematic representation of the BSiNP fabrication process. (b) S
SiNPs, BSiNPs with low branch density and BSiNPs with high branch den
are the corresponding BET SSA values. (c) Schematic representation of t

3616 | Nanoscale Adv., 2021, 3, 3615–3626
preconcentration in the direct analysis of complex biosamples.
On-chip selective separation of analytes from raw biosamples
was rst performed using antibody-photoacid-modied SiNPs
with ultralarge binding surface area and enormously high
binding affinity, followed by light-controlled rapid release of the
tightly bound target molecules in a controlled liquid medium.

Triggerable fast release of the target is achieved by activating
a covalently bonded photoacid-molecular monolayer, causing
a drastic pH change near the SiNP surface. Photoacids are
aromatic organic molecules that in their rst excited electronic
state exhibit acidity greater by many orders of magnitude than
their weak acid properties in their ground electronic state.
ing electron microscopy (SEM) and X-ray photoelectron spectroscopy
EM images of the SiNP array with increasing branch density, left to right:
sity; 30-degree view, scale bars: 0.5 mm. The values below each image
he HPTS and aptamer modification on the BSiNP surface.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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These materials have been widely studied in several applica-
tions,46–50 including the light-triggered pH drop caused by
photoactivation of photoacid molecules applied in silicon
nanowire-based eld-effect transistor (SiNW-FET) devices for
the on-surface modulation of protein affinity to an antibody.51

The resulting controlled on-surface pH drop immediately
transforms the highly receptive binding surface into a highly
reective antibinding surface, due to the dissociation of anti-
body–antigen pairs. This light-triggered step transforms the
SiNPs' capturing surface into a fast-releasing unit, thus
exploiting the best advantages from these two worlds.

Importantly, photoactivation of the photoacid creates a pH
change that is triggerable, reversible, and does not involve
buffer-handling limitations. In addition, the modulation of the
photoacid molecules' surface density, along with the applied
light intensity, achieves a controlled surface pH and the
subsequent rapid seconds-long release of the tightly captured
species from the inter-SiNP cavity into the bulk solution.

In this work, we demonstrate the fast and selective uranyl-
capturing properties of branched-SiNP (BSiNP) arrays modi-
ed with a uranyl-specic aptamer, implementing an ultrahigh
surface area alongside triggerable ultrafast release into a selec-
tive medium.
Results
BSiNP array fabrication and chemical modication

Amonolayer of polystyrene beads52was used as an etchingmask
for a metal-assisted wet-etching step with HF/H2O2 mixture as
etchant and oxidant, respectively,53 and a lm of metallic silver
as a catalyst, forming vertical SiNP arrays of 3–20 mm SiNP
height (see Materials and methods in the ESI† for details).

As previously shown in atomic force microscopy and trans-
mission electron microscopy measurements,45 SiNPs of surface
areas up to �400 m2 g�1 and pore sizes up to 15 nm could be
fabricated with mild tuning of this fabrication process. This
correlates to an increase of geometrical surface area from
a planar area of 1 cm2 to 1200 cm2 aer the etching of a SiNP
array comprising SiNPs of 5 mm height, 250 nm diameter,
250 nm inter-NP distance, and a roughness factor of 16. This
represents a dramatic increase of more than a 1200-fold in
active surface area compared to a planar device of identical
geometrical area.

To further increase the surface area, silicon nanobranches
(SiNBs) were fabricated on the surface of SiNPs to form
branched SiNP (BSiNP) arrays, as shown schematically in
Fig. 1a. Electroless deposition of gold was achieved by soaking
SiNP arrays in AuCl4/HF solution, followed by chemical vapor
deposition (CVD) using gold to catalyze the growth of SiNWs via
Table 1 Summarized results of BET surface area analysis

Sample
Sample mass
(mg) R2 Slope (cm3 g�1 STP

SiNPs 1.0123 0.99803 0.2797 � 0.0072
Low-density BSiNPs 1.0204 0.99986 0.0871 � 0.0005
High-density BSiNPs 1.0933 0.99996 0.0476 � 0.0001

© 2021 The Author(s). Published by the Royal Society of Chemistry
the vapor–liquid–solid (VLS) mechanism.54 The SiNB growth
process used SiH4 and B2H6 (100 ppm in argon balance gas) as
reactants, in which boron served as a p-type dopant with
a boron/silicon ratio of 1/4000. The rate of SiNW growth was �1
mm min�1. Assuming a SiNP of 5 mm height, 250 nm diameter,
SiNWs with 20 nm diameter, and surface occupancy of 1/3, the
surface area is increased by a factor of 41.

The active capturing area could be further amplied by the
fabrication of taller SiNP arrays displaying increased roughness
and a more densely packed growth of SiNBs, achieved by slight
adaptation of the gold deposition and/or the CVD process. This
trend of surface area amplication has been conrmed by
Brunauer–Emmett–Teller (BET) measurements, and the results
are summarized in Table 1. SiNP surface area reached a value of
540 m2 g�1, which is similar to the reported surface areas of
porous silicon,55,56 while the BSiNP arrays reached a value of
�3400 m2 g�1. Scanning electron microscopy (SEM) images of
the different arrays in Fig. 1b show the difference in SiNB
density that could be reached with adjustment of the electroless
deposition time and CVD process, with surface area values
shown in the bottom of Fig. 1b.

Surfaces of BSiNP arrays were then chemically modied as
outlined in Fig. 1c, with 3-aminopropyldimethylethoxysilane
(APDMES), followed by a derivative of 8-hydroxypyrene-1,3,6-
trisulfonic acid (HPTS), 8-acetoxy-pyrene-1,3,6-trisulfonyl chlo-
ride.29,49 Frequently applied as a light-triggered source of protons in
various studies,29,48,49,51,57–59 HPTS has a pKa of �7.3 at the ground
state and is exceptionally more acidic when photoexcited, with pKa
as low as �0.4. Previous uorescence experiments veried that the
photoactivated pH decrease is conned to the surface, depending
on the light intensity of the source. Upon activation, surface pHwas
�3.3–3.5, while bulk pH stayed at �7.5.51

Following the photoacid modication, surfaces were modi-
ed to immobilize the DNA aptamer units. This short DNA
sequence of 117 bases, Tm ¼ 70.9 �C and Mw ¼ 36.2 kDa, was
characterized with specicity and high affinity against uranyl
with Kd ¼ 84.6 pM,22 and used as a binding agent for uranyl ion
(see Materials and methods in the ESI† for details).

Finally, 3-hydroxypropionic acid was used in order to block
free APDMES amino groups. The modication was conrmed
by X-ray photoelectron spectroscopy (XPS), as shown in Tables 2
and 3 (see the Experimental methods section in the ESI† for
detailed information). XPS is a well-known chemical analysis
technique for surface chemical composition and properties, as
it measures �10 nm into the surface of a sample and is able to
determine quantitative elemental composition alongside
chemical state information.60

Surface coverage was determined by quartz crystalmicrobalance
(QCM) showing �1.6 � 1014 molecules per cm2 of APDMES and
) Y-Intercept (cm3 g�1 STP) Qm (cm3 g�1 STP)
BET surface
area (m2 g�1)

0.0402 � 0.0013 3.1268 540
0.0031 � 0.0001 11.0852 1913
0.0029 � 0.0002 19.7981 3417

Nanoscale Adv., 2021, 3, 3615–3626 | 3617
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Table 2 XPS-analyzed atomic concentration percentages during each step of the HPTS and DNA immobilization on the SiNP surface
modification

1 2 3 4

Unmodied Si/SiO2 surface-
referencea

Surface modied with
amino-silanea

Surface modied with
amino-silane and
photoacida

Surface modied with
amino-silane, photoacid,
and DNA aptamera

C 1.69 7.22 19.41 21.25
O 64.17 58.06 50.93 49.81
Si 31.96 30.49 25.53 24.00
N 0.14 1.34 1.75 2.05
S — — 1.39 1.85

a The calculations error values are specied in ESI section Table S1.
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0.1–3 � 1013 molecules per cm2 of HPTS, depending on the time
given for the chemical linking to the amino groups.48 This indicates
that about 85–97% of the APDMES amino groups are available for
subsequent chemical coupling with DNA aptamers. Immobiliza-
tion of DNA onto the BSiNP array surface was achieved by rst
activating the 50 carboxylic residue of the DNA using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and N-hydrox-
ysulfosuccinimide sodium salt (sulfo-NHS). Then, the amino-
modied BSiNP array was soaked in the DNA/EDC/sulfo-NHS
solution (see the Experimental methods section in the ESI† for
detailed information). XPS analysis of the modied planar Si wafer
determined surface coverage to be �3.0 � 1013 molecules per cm2

of APDMES, �8.6 � 1012 molecules per cm2 of HPTS, and �1.6 �
1013 molecules per cm2 of DNA aptamer. Theoretically, more than
one of the three sulfonyl chloride groups of HPTS could bind to the
amines on the surface, meaning HPTS surface coverage could be
between 2.9–8.6 � 1012 molecules per cm2.

Assuming BSiNPs of low to high branch density, a maximum
aptamer density can be theoretically expected at 2.4 � 1017

molecules per cm2 (1 cm2 geometric at area converts into
�15 000 cm2). Higher aptamer densities (per cm2 geometrical
area) could be reached by using taller and rougher SiNP arrays
or more densely grown SiNBs. These 3D-BSiNP arrays will ulti-
mately boost the capturing capabilities of the resulting sepa-
ration device.
Uranium collection efficiency

To evaluate the capturing efficiency of the BSiNPs, uranyl
separation from urine and concentrated salt solutions spiked
with different uranyl concentrations was performed as
described below.
Table 3 XPS-analyzed chemical bond population corresponding to ato

C

C]C/O–Si–C C–S/C

(2) Surface modied with amino-silane 76.03 23.97
(3) Surface modied with amino-silane
and photoacid

69.2 18.23

(4) Surface modied with amino-silane,
photoacid, and DNA aptamer

60.33 19.45

3618 | Nanoscale Adv., 2021, 3, 3615–3626
Uranyl acetate dihydrate (UO2(CH3COO)2$2H2O) was dis-
solved in deionized water (DIW) to obtain 1.6 mM and 19 mM
uranyl stock solutions. Uranyl concentrations of 1.2–1900 ppm
(5 mM–8 mM) were quantied using its emission at 515 nm;61 all
measurements were performed at room temperature (25 �C).
Adsorption of uranyl, or other species, was calculated using eqn
(1) and (2):

Adsorption
�
mg g�1

� ¼ ðC0 � CtÞ$V
m

(1)

Adsorption ð%Þ ¼ C0 � Ct

C0

� 100%; (2)

where C0 is the starting concentration [mg L�1], Ct is the
concentration at time t [mg L�1], V is the volume of the
adsorption solution [L], and m is the adsorbent mass [g].

Fig. 2a shows the increase of uranyl-capturing capacity as
a result of increased surface area, reaching up to 1.1 mg cm�2

within 30 minutes, which correlates to an adsorption capacity of
456 mg g�1 (uranyl per 10 mm � 1 cm2 Si wafer base for BSiNP).
This result for adsorption capacity is moderately high, as re-
ported adsorption capacities range from 0.1–1550 mg g�1.62–64

However, when accounting for the extremely short time of
adsorption exhibited, 30 minutes compared to adsorption
reactions that take 12 hours to several weeks,62–64 the capturing
abilities of the BSiNP array are remarkable.

As mentioned previously, a larger surface area, and therefore
higher capturing capacity, could be easily achieved with mild
alterations to the fabrication process. This is shown in Fig. 2a,
as the planar wafer reaches a maximal adsorption of 0.09 mg
g�1 aer 2 h, four orders of magnitude lower than that of high-
density BSiNP arrays.
mic concentrations displayed in Table 2

N

–N C–O C]O C–N –NH2\NH3
+ –N–SO2

— — 85.41 14.59 —
10.33 2.23 71.19 — 28.81

17.56 2.66 76.73 — 23.27

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Capturing capabilities of the BSiNP light-controlled array. (a) Adsorption of uranyl from phosphate buffer (PB, 10 mM, pH 8.5) spiked with
11 mM (�3000 ppm) uranyl onto planar Si wafer (blue curve), SiNP arrays (green curve), BSiNWs of low density (red curve) and high density (black
curve) modified with uranyl-specific aptamer. (b) Adsorption of uranyl from concentrated salt solution spiked with 5.4 mM (�1500 ppm) uranyl.
All measurements were performed at room temperature. (c) ICP-MS results of adsorption from DIW spiked with 5 ppm U(VI), Mg(II), Ca(II), Fe(II),
Co(II), Ni(II), and Cd(II), after 2 hours. (d) Maximal adsorption of uranyl from solutions spiked with 5.4 mM (�1500 ppm) at different pH, after 2
hours. All measurements were performed at room temperature.
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Fig. 2b shows the fast depletion of uranyl from concentrated
salt solution spiked with 5.4 mM uranyl (1500 ppm), thus dis-
playing competitiveness in ultrahigh concentrations of other
ionic species (Ca, Na, K, etc.). This is further exhibited alongside
adsorption specicity in Fig. 2c, where concentrations of uranyl
and competing ions were determined using ICP-MS, showing
that nonspecic adsorption of competing ions is lower than
20% and does not affect uranyl capturing efficiency, reaching
over 95% in both cases.

Measurement of the uranyl capturing capacity in different
pH solutions has shown that the best results are achieved at pH
values of 6–8, as shown in Fig. 2d. Importantly, minimal
precipitation was observed in phosphate buffer (10 mM, pH 8.5)
over 2 hours, (see ESI Fig. S2†).

Adsorption isotherms are plotted in Fig. 3. Equilibrium data
points were tted to three adsorption models to evaluate the
BSiNP's ability to absorb uranyl.

Qe ¼ C0 � Ce

m
$V ; (3)

where Qe is the equilibrium adsorption capacity [mg g�1], and
Ce is the concentration at equilibrium [mg L�1]. The Langmuir
isotherm model equation is:
© 2021 The Author(s). Published by the Royal Society of Chemistry
Qe ¼ Qm$KL$Ce

1þ KL$Ce

; (4)

where Qm is the maximum monolayer adsorption capacity [mg
g�1], and KL is the Langmuir constant [L mg�1]. This model
could be formed in a linear format:

Ce

Qe

¼ 1

Qm$KL

þ Ce

Qm

(5)

The linear Freundlich isotherm model equation is:

lnðQeÞ ¼ lnðKFÞ þ 1

n
$lnðCeÞ; (6)

where KF is the Freundlich constant, also known as the sorption
capacity [L mg�1], and

1
n
is sorption intensity, also indicating

the relative distribution of the energy and the heterogeneity of
the adsorbate sites. It was reported that the Freundlich
isotherm constant can be used to explore the favorability of the
adsorption process. The linear Temkin isotherm model equa-
tion is:

Qe ¼ a$ln(KT) + a$ln(Ce), (7)

where a is the Temkin constant, which is related to the heat of
sorption, and KT is the Temkin isotherm constant [L mg�1].
Nanoscale Adv., 2021, 3, 3615–3626 | 3619
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Fig. 3 Adsorption isotherms for uranyl. (a) Equilibrium data for uranyl adsorption from PB (10 mM, pH 8.5) spiked with various uranyl
concentrations; the red curve represents the fitting to the Langmuir isotherm plot. (b) Linear Langmuir isotherm plot. (c) Freundlich isotherm plot.
(d) Temkin isotherm plot. (e) Fitting parameters table. All measurements were performed at room temperature.
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Fig. 3e summarizes the calculated tting parameters, indicating
that the best tting is found with the Langmuir model (R2 ¼ 0.995
for the linear model), suggesting monolayer adsorption behavior,
which correlates well to the expected monolayer of capturing
moieties achieved in the chemical modication shown in Fig. 1c.
The tting parameters indicate the theoretical maximal adsorption
of 558.48� 15.87 mg g�1 and 568.18� 13.63 mg g�1 for nonlinear
and linear Langmuir model ttings, respectively.

The essential characteristics of the Langmuir isotherm can
be expressed by a dimensionless constant called the separation
factor RL:65

RL ¼ 1

1þ KL$C0

: (8)

RL values indicate the adsorption to be linear when RL ¼ 1,
and favorable when 0 < RL< 1. RL values calculated from tting
3620 | Nanoscale Adv., 2021, 3, 3615–3626
parameters for uranyl concentrations from 1 ppt to 5 ppm are
0.921 < RL < 0.999; therefore, the uranyl adsorption is favorable
to linear in environmental uranyl concentrations.

Fig. 4 demonstrates the effectiveness of our uranium
collection device for rapid and quantitative capturing and pre-
concentration. Uranyl capturing showed to be extremely effi-
cient, Fig. 4a, with full depletion (96%, up to ca. 1.1 mmol cm�2)
of uranyl from spiked urine samples occurring very fast,
achieving a plateau aer about 10–60 minutes of incubation.

These results are expected due to the extreme magnication
of the surface area, which dramatically increases the abundance
of aptamer-capturing units and contributes to the rapid deple-
tion of uranyl from the sample, as the surface coverage was
shown to be as high as �1.3 � 1017 aptamer molecules per cm2,
102-fold higher than the number of uranyl molecules in the
sample. Additionally, the lack of nonspecic adsorption was
demonstrated by the use of a uranyl-spiked sample with a DNA
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 BSiNP specificity and versatility. (a) Specific adsorption of uranyl from untreated urine spiked with 0.11 mM (�30 ppm) uranyl to a BSiNP
array modified with a uranyl-specific aptamer (black curve) versus nonspecific adsorption to an array modified with arsenic-specific aptamer (red
curve). (b) ICP-MS results of uranyl-specific adsorption from DIW spiked with 40 nM (�12 ppb) uranyl to a BSiNP array modified with a uranyl-
specific aptamer. (c) Specific adsorption of arsenic from DIW spiked with 0.13 mM (�10 ppm) arsenic to a BSiNP array modified with arsenic-
specific aptamer (black curve) versus nonspecific adsorption of arsenic to an array modified with uranyl-specific aptamer (red curve). All
measurements were performed at room temperature.
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aptamer specic to arsenic and nonspecic to uranyl (Fig. 4a,
red curve).

In order to test uranyl adsorption at concentrations compa-
rable to uranyl sea concentrations (ca. 3–5 ppb), we performed
ICP-MS uranium quantication of samples. Adsorption results
in Fig. 4b show that approximately 80% of uranyl is adsorbed
aer only 15 minutes, with full depletion reached within 1 hour.

This method could be applied successfully to other species,
as shown in Fig. 4c, where the BSiNP array was modied with an
arsenic-specic DNA aptamer and showed the same depletion
efficiency (black curve) and high specicity (red curve).
Light-triggered rapid and quantitative release

Irradiation at a wavelength of 400 nm brings HPTS molecules to
their excited state, where they display a dramatic change in their
pKa, from 7.4 to �0.4, becoming super-acidic molecules that
rapidly expel their phenolic protons, thus lowering the surface
pH. This light-activated mechanism of uranyl release is sche-
matically shown in Fig. 5a. Light excitation causes HPTS to
release protons, lowering the surface pH. The light-triggered pH
drop caused by photoactivation of the covalently bonded pho-
toacid molecules may be applied for the on-surface activation of
pH-dependent chemical and biological processes, such as the
dissociation of antigen–antibody pairs.51
© 2021 The Author(s). Published by the Royal Society of Chemistry
We accordingly propose that the lower surface pH inuences
the DNA aptamer structure and lowers its uranyl-binding
capabilities. Reported to be most efficient at pH 8.01,22 the
aptamer binding efficiency was expected to decrease immensely
aer the pH drop induced by light irradiation of the HPTS-
modied SiNP arrays, as was shown to be the case with
surface-attached antibody–antigen pairs, by decreasing the pH
around and within close vicinity of the SiNP surfaces.29,49,51 This
effect is demonstrated in Fig. 5b–d, showing the release char-
acterization of uranyl and arsenic.

As expected, the fast and quantitative uranyl capture is fol-
lowed by prolonged release; only up to ca. 4% of the captured
molecules desorb spontaneously from the aptamer-modied
BSiNP arrays aer 2 hours (Fig. 5b, red curve), meaning that
the dissociation rate is koffz 2.6� 10�4%min�1; therefore, full
release would be achieved in ca. 507 000 minutes (about 351
days). As previously discussed,29 we believe that the molecules
bound at the top of the BSiNP array are fast-releasing, making
up the ca. 4% of spontaneous release. The slow release cannot
be explained by potential nonspecic adsorption of species to
the surface of the BSiNP array, as negligible nonspecic
adsorption was observed (Fig. 4a, red curve).

Activation of HPTS by light irradiation (400 nm, 50 mW cm�2)
allows for immediate retrieval of the captured uranyl species, with
Nanoscale Adv., 2021, 3, 3615–3626 | 3621
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Fig. 5 Light-controlled array release to a controlled medium. (a) Schematic of the light-activated mechanism of uranyl desorption. (b)
Desorption of uranyl under illumination at a wavelength of 400 nm light (black curve) and under dark conditions (red curve). (c) ICP-MS results of
light-activated uranyl desorption from BSiNP array. (d) Desorption of arsenic under light illumination. All measurements were performed in PB
100 nM pH 8.5, at room temperature.
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koff¼ �0.15%min�1, ve orders of magnitude greater than the koff
measured under dark conditions. Hence, the complete quantitative
release of captured uranyl is observed in less than 20minutes. Over
90% of captured uranyl is desorbed within 16 minutes. Since ca.
80% is adsorbed within 30 minutes, this correlates to the retrieval
of approximately 70% of uranyl found in the sample in less than 1
hour. Remarkably, no decrease in the effectiveness of the BSiNP
arrays was observed aer performing several cycles of capturing
and light-triggered release (ESI Fig. S1†). Previous experiments have
brought us to the conclusion that the pH drop is experienced in
close proximity to the SiNP surface, controlled by light intensity and
photoacid surface concentration.49

The integration of photoactivated pH drop and the consequent
fast release of the target molecule achieves controlled capturing
and retrieval of over 85% of the uranyl found in the sample in less
than 20 minutes, without resulting in secondary waste and with an
easily operable and reusable capturing apparatus. Notably, this is
the rst time pH triggering of DNA aptamer deactivation has been
demonstrated.Moreover, this work shows the rst use of photoacid
activation for the on-surface modulation of aptamer activity and
target affinity. To date, there has been no report of DNA switching
by pH change, activated by a light source.
Discussion

We hypothesized that molecules experience limited diffusion
inside nanocavities of the nanostructured SiNP arrays, causing
3622 | Nanoscale Adv., 2021, 3, 3615–3626
them to delay while being adsorbed to, and desorbed from,
capturing agents on the surface into the conned interpillar
space repeatedly, until ultimately being released to the above
medium. This ultimately leads to extremely prolonged effective
dissociation rates, allowing our highly receptive SiNP arrays to
effectively and very efficiently capture molecules from bulk
solutions, further preventing their release back to the bulk by
this novel nanoconnement-related capturing mechanism.

Theoretical examination of this effect29 yields a calculated N,
the mean number of collisions of a particle with the sidewalls
while it is traveling along a channel closed on one end and open
on the other, with length L and square cross-section b � b. The
diffusion coefficients along and perpendicular to the channel
axis are given by Dk and Dt. N was shown to be calculated by:

N ¼ A
Dt

Dk

L2

bdx
; (9)

where A is a numerical prefactor of order 1, dependent on the
initial conditions, and dx is the starting distance of the particle
away from a wall, having escaped the binding site. The scaling
of N with L, b, and dx have been numerically conrmed to
correlate with the eqn (9) prediction, using a simple random-
walk simulation. If the particle's initial position is taken
randomly anywhere inside the channel, A x 0.50 within a 10%
error.

For b ¼ 250 nm, L ¼ 5 mm, DUO2
2þ

k ¼ 0:5925 m2 s�1; dx ¼
1 nm, and A¼ 0.50, a particle is expected to collide/rebind to the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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cavity's walls ca. 5 � 104 times before nally escaping the cavity
into the bulk solution. Considering the aptamer's reported Kd of
ca. 84.6 pM,22 even if only a small fraction of these collisions
lead to rebinding of the uranyl species to the walls of the NP
array, this correlates to theoretically delaying the captured
uranyl from escaping from the nanocavity to the bulk by a 104-
fold factor compared to its bare dissociation rate. When
accounting for the additional surface area created by the growth
of SiNWs over the SiNPs to comprise the BSiNP array, N is ex-
pected to increase, depending on the density of the branches.

In addition, the geometry of the SiNP array facilitates uranyl
preconcentration, as the interpillar void volume is only 0.1 mL
for 1 cm2 SiNP array devices with an NP height of 5 mm. The
incubation of a 10 mL sample will lead to preconcentration in
the interpillar void volume of 0.1 mL, a factor of 100. The use of
a smaller capturing void volume could be expected for BSiNP
arrays, and larger sample volumes will further increase the
achievable preconcentration factors.

Generally, this delayed-release mechanism from SiNP arrays
greatly contributes to the collection capabilities of these
devices; however, it strongly impedes the release of the captured
species. Thus, a mechanism for the effective switching from
a highly sticky, nonreleasing state into a highly reective, fast-
releasing state is highly desirable. This is achieved by acti-
vating a pH drop near the surface of the BSiNPs using light
activation of the photoacid molecules. We deduce that lower pH
causes the uranyl-aptamer units to be mostly nonbinding,
resulting in apparent koff greater by ve orders of magnitude
than the apparent koff without light activation.

In conclusion, here we demonstrated the ultrafast high-
capacity collection, up to ca. 550 mg g�1, of uranium from
samples, including complex samples such as urine and
concentrated salt solution. The adsorption capability of BSiNPs
is a result of the extremely high surface area and high surface
coverage of DNA-aptamer capturing units, trapping uranyl
inside the NP cavities. This approach showed high specicity
and selectivity, with the ability to be applied to other target ions
with similar adsorption capabilities. Uranyl capturing is
coupled with the light-triggered rapid and quantitative uranyl
release, harvesting more than 70% of the uranyl found in
a given sample within one cycle (1 hour) of capturing and light-
activated release. Overall, our device is able to capture uranyl
efficiently in less than 1 hour and allows for easy retrieval of the
captured uranyl in a controlled medium with the switch of
a light source.
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